Various rodent species continue to gain popularity as experimental models in physiological studies due to the availability of microsurgical monitoring devices and the rising costs of large-animal research. Increasingly, rat and mouse strains are chronically instrumented for long-term monitoring of haemodynamic parameters such as cardiac output and arterial blood pressure (Smith et al. 1987 , Tsui et al. 1991 , Doursout et al. 2001 . While the availability of small-animal anaesthestic machines has facilitated the use of rodents for haemodynamic studies, there have been few breakthroughs in intubation techniques to facilitate chronic instrumentation involving the thoracic cavity for small-animal research.
The implantation of transit-time flow probes on the ascending aorta of rodents is one example of this chronic instrumentation that requires general anaesthesia, intubation, microsurgical probe placement, and close postoperative monitoring. Proper technique at all stages is vital to insure that the probe implantation does not adversely affect the animal's response to future studiesespecially if these studies involve haemodynamic stress such as hypoxia and shock. 
Chronic implantation of transit-time flow probes on the ascending aorta of rodents

Summary
This study describes the implantation of transit-time flow probes on the ascending aorta of rats while minimizing the risk of postoperative complications. Special emphasis is placed on our new method of rat intubation as well as the production of materials necessary for the implantation procedure such as endotracheal tubes and heparin bonded vessel catheters. The effects of these devices on the response to acute hypoxia were studied in rats following a 5-7 day recovery from the implantation procedure. Systemic and microvascular measurements were made on instrumented rats (n ϭ5) and non-instrumented controls (n ϭ3) that were ventilated with 21%, 15%, 10%, 8% and 5% oxygen. Arterial pressure, PO 2 , lactate, and base deficit were not different between the implanted and control animals at any inspired oxygen concentration. Microvascular flow in the primary arterioles of the spinotrapezius muscle was also similar between the two groups at all inspired oxygen concentrations. We conclude that this novel methodology facilitates the measurement of whole bodyThis study describes the implantation of aortic flow probes in rats and the aftercare that is necessary to maintain the animals for subsequent studies. Included in the description is a new method to simplify rodent intubation and maintain the animals under general anaesthesia. We also compare the systemic and microcirculatory responses to hypoxia in non-instrumented animals, and animals that are chronically instrumented with aortic flow probes to help determine the suitability of these devices for use in animals subjected to severe haemodynamic stress such as shock. (potable, uncontaminated) ad libitum until the experiment. Postoperatively, the animals were returned to the vivarium only after they were ambulatory and fully recovered.
Materials and methods
Animals
Intubation and catheter production
Oral intubation catheters were produced from polyethylene tubing (Clay Adams, Parsippany, NJ), and made to fit rats weighing 200-300 g. Although the diameter of the tubing can be reduced for smaller animals, sizes less than PE-120 posed problems when used in conjunction with pressure-controlled ventilators due to increased airway resistance.
To achieve a tight airway seal, the catheters were bonded with self-levelling silicone rubber sealant (734 RTV, Dow Corning, Midland, MI) to form a teardropshaped terminus at the tracheal end (Fig 1) . This was accomplished by applying a small drop of the sealant one centimetre above the tracheal end and gently rotating the catheter at a 45-degree angle to form the needed teardrop shape. The sealant's surface was cured in approximately 15 min, and complete curing occurred after 24 h. Great care was taken to leave sufficient catheter length (one centimetre for a 250 g rat) at the tracheal end to pass through the glottis.
Rodent intubation
The animals were administered atropine (300 mg/kg, i.p.) to minimize pharyngeal secretions, and underwent anaesthesia induction with isoflurane (5%, balance O 2 ; Abbott Laboratories, North Chicago, IL) administered in a standard induction chamber (Harvard Apparatus, Holliston, MA) with a gas vaporizer (Harvard Apparatus). Once the animals reached stage III anaesthesia (shallow respirations with 1-2 s pauses between breaths), intubation was accomplished with the previously described intubation catheters and a fibreoptic laryngoscope set with a size 0 Miller blade (Harvard Apparatus). The laryngoscope blade was narrowed to one centimetre width in order to accommodate the animals' oral pharynx. We constructed a Plexiglas intubation platform consisting of a base (15 cm ϫ30 cm) and an appendage (15 cm ϫ40 cm, attached to the base at a 60-degree angle) that suspended the animals by the upper jaw from a copper cord held by a pair of 3 cm screws (Fig 2) . This position maximized displacement of pharyngeal structures by gravity, and allowed the operator to comfortably visualize the airway. Directing the large intubation catheter into the airway was facilitated by threading an 8 cm length of PE-50 tubing through the intubation catheter to form a stylet that extended 3 cm past the catheter's tracheal tip as seen in Fig 1. The stylet was directed into the trachea, and the intubation catheter slid over the length of PE-50 until the silicone bulb wedged into the glottis to form a tight airway seal. The animals were mechanically ventilated (inspiratory pressure ‫01ف‬ cmH 2 O, frequency 1.5 Hz) with a rodent ventilator (Kent Scientific, Litchfield, CT), and gas anaesthesia titrated to stage III anaesthesia. Ophthalmic ointment (Puralube Vet Ointment, Melville, NY) was applied to each animal to prevent post-surgical irritation.
Placement of flow transducers on ascending aorta
Each animal was shaved along the chest and nape of the neck using clippers (Oster Golden A5, Sunbeam Products Inc., McMinnville, TN) with a size 40 blade. Nair™ depilatory cream (Carter-Wallace, Inc., New York, NY) was applied to the shaved surfaces to remove remaining hair. Final preparation of the shaved areas involved cleaning the entire surgical field with Betadine ® (povidone-iodine 7.5%). Using sterile techniques, a small skin incision was made at approximately the third intercostal space along the right midaxillary line. The skin incision was extended toward the midline while taking great care to avoid bleeding from cutaneous vessels. After removing the overlying connective tissue, the exposed pectoral muscle was transected, and sutures placed in the muscle's free ends for future repair. Once the pectoral muscle was severed, the underlying rectus muscle was dealt with in the same way to reveal the ribs and intercostal space.
The third intercostal space was identified as the second space encountered when counting in a caudal direction from the axilla. Metzenbaum scissors were used to dissect through the third intercostal space at the mid-axillary line while taking care to avoid damaging the underlying lung.
Complications from the thoracotomy were minimized by momentarily suspending ventilation with the lungs deflated just prior to dissection, or ventilating with low end-tidal pressures (4-5 cmH 2 O) and high frequencies ‫2ف(‬ Hz). In addition, we dissected just above the fourth rib to avoid the intercostal neurovascular bundle positioned below each rib. The initial thoracotomy incision was extended no closer than 2 mm to the sternum to avoid damaging the adjacent mammary artery. Adequate visualization of the thoracic contents was achieved by spreading the incision with an Alm retractor as seen in Fig 3 . Mechanical ventilation was then resumed at slightly lower inspiratory pressures (5-10 cmH 2 O) and higher frequencies (1.5-2 Hz) to keep the right lung out of the immediate surgical field.
Access to the ascending aorta was achieved by displacing the overlying thymus gland and thin pericardium as seen in Fig 3. Once the aorta was identified, the surrounding fascia was cleared by passing curved forceps between the aorta and the vertebral column. After clearing the fascia, it was possible to slide the probe (model 2.5SB, Transonic Systems, Inc., Ithaca, NY) under and around the aorta with forceps. Great care was taken to insure that no abnormal tension was placed on the probe that might hamper blood flow.
Prior to closing the animal's chest, a thoracostomy tube was placed for future evacuation of the pneumothorax produced by the thoracotomy. This was accomplished by making a 3 mm incision at the level of the fourth intercostal space along the right mid-axillary line. A 10 cm length of silastic tubing with multiple holes along its distal end was inserted into the pleural space, and the incision closed with a purse-string suture. Once the chest was closed, this suture was tightened to create an airtight seal for evacuation of the pneumothorax.
Closure of the thoracotomy proceeded in layers beginning with the approximation of the third and fourth rib with 5-0 silk sutures. The free ends of the rectus and pectoral muscles were then approximated via the sutures that were placed during the initial dissection. Once the pectoral muscle was repaired, the probe's cord was directed under the right forelimb, and tunnelled to a one centimetre incision at the nape of the neck. This involved attaching a length of suture material to the probe's protective cover, and pulling the suture-probe assembly through the neck incision. The probe was exteriorized to a silastic saddleback cuff (model AAPC102, Transonic) that was sutured to the skin with 4-0 nylon sutures. Great care was taken to place the probe assembly between the scapular regions of the neck and avoid contact with the ears. Additionally, the cutaneous layers of the thoracotomy incision were closed with 4-0 nylon sutures.
After closing the chest, the animal's pneumothorax was evacuated by applying a vacuum to the thoracostomy tube, while simultaneously increasing the peak airway pressures to 20 cmH 2 O with a 'sigh' (maintained end-expiratory breath) setting. As the pneumothorax was evacuated, the tube was withdrawn, and tension increased on the purse-string suture so that the thoracostomy incision sealed during removal of the tube.
After evacuating the pneumothorax, the animal was weaned from the ventilator by reducing the gas anaesthesia to 0.5% and lowering the respiratory rate to 40 per minute. This allowed the animal's respiratory drive to recover in response to Postoperative care of the chronically instrumented rodent Because the probe required a connective tissue 'seal' to prevent absorption of the ultrasound signal by air, it was necessary to wait 5-10 days from the time of implantation before further experimentation. Thus, proper postoperative care of the instrumented animals was important for recovery during this period. The broad-spectrum antibiotic Enrofloxacin (2.5 mg/kg, i.p.) was administered immediately before or after implantation to prevent post-surgical infection. Adequate pain control was generally achieved with a 0.3 mg/kg subcutaneous dose of buprenorphine that was administered when the animal achieved ventral recumbence. Tylenol ® (acetaminophen) was added to the drinking water at a concentration of 2 mg/ml to achieve a dose of 150 mg/kg/day if additional pain relief was necessary. The animal's body weight was closely monitored during the recovery period, as weight loss was a sign of distress. Any animal that did not recover to its post-surgical body weight within 2 weeks was excluded from further studies.
Vessel catheter production Placement of catheters in the blood vessels of rodent species for acute and chronic haemodynamic monitoring is well described in the scientific literature (Tsui et al. 1991 , Burvine et al. 1998 . However, this procedure becomes problematic when attempted on small vessels (e.g. rat femoral artery), or when significant blood withdrawal is desired. Typically, catheters smaller than PE-60 experience problems with blood clotting due to slow flow during blood withdrawals, small-tip diameters, and a prothrombotic state during haemorrhage (Bit-Alkhas Irani & Cliffton 1970). Unintentional haemodilution is a potential result when repeated saline flushes are used to remove catheter clots.
To accommodate small vessels and minimize clotting problems, we fused different sizes of PE tubing to form a catheter that is small enough at the tip to fit the desired vessel and maximize flow during blood withdrawal. For cannulation of the rat carotid artery, fused lengths of PE-20 and PE-60 were made. This was accomplished by applying a thin coat of Superglue to the distal 2 mm of a 2 cm length of PE-20 tubing. Then, the glued end of the PE-20 tubing was carefully threaded into the lumen of an 8 cm length of PE-60 tubing as seen in Fig 1. Great care was taken to prevent obstruction of the catheters' lumens, and to insure a complete seal between the catheter walls.
Once the Superglue cured, the catheters were bonded with heparin to further reduce the incidence of catheter clotting. This was accomplished by filling and immersing the catheters in tridodecylmethylammonium heparinate (TDMAC-heparin; Polysciences, Inc.; Warrington, PA) at a concentration of 3500 units/ml for a minimum of 12 h (Chitwood et al. 1978) . The TDMACheparin was then displaced with air, and the catheters rinsed with sterile saline a minimum of three times. Because the TDMAC-heparin solution is an inflammable skin and eye irritant, the bonding procedure was performed under a ventilation hood with proper eye and hand protection.
Determination of systemic and microvascular haemodynamic parameters
Following the recovery period, the instrumented WKY rats (n ϭ5) and a group of noninstrumented WKY controls (Harlan Sprague Dawley Laboratories, Indianapolis, IN; n ϭ3) were initially anaesthetized with a mixture of ketamine/xylazine (70/3 mg/kg, i.p.). The trachea was cannulated with PE-240 tubing via tracheotomy, and the animals were mechanically ventilated with room air (inspiratory pressure ‫01ف‬ cmH 2 O, frequency 1.5 Hz). The carotid and jugular vessels were cannulated with the previously described heparin-bonded catheters. Red blood cells (RBCs) labelled with fluorescein isothiocyanate (FITC) were injected (1% labelled fraction assuming blood volume equal to 6% body weight) through the jugular catheter using the procedure described by Lipowsky et al. (1992) for future determination of microvascular RBC velocity and blood flow (Sarelius & Duling 1982 , Parthasarathi et al. 1999 . The carotid catheter was used for phasic recording of arterial pressure with a Biopac data acquisition system (model MP150, Biopac Systems, Inc., Santa Barbara, CA), while a continuous infusion of the anaesthetic Saffan (0.2-0.4 mg/kg/min, York, UK) was administered through the jugular catheter. In addition, the Biopac was used to record aortic flow and calculate heart rate in the instrumented animals.
The spinotrapezius muscle was prepared according to the method originally described by Gray (1973) . The muscle was spread to its physiological length on a viewing platform that was heated to 39ЊC by warm water, and the preparation was covered with Saran (Dow Corning, Inc.) to prevent desiccation. The platform was attached to the stage of a Zeiss Universal microscope equipped with a Neofluar 40ϫ/0.75 N.A. objective (Carl Zeiss) for microscopic viewing of the spinotrapezius muscle.
Baseline heart rate, phasic arterial pressure, and aortic flow (instrumented animals only) were determined online while the animals were ventilated with room air. Video recordings of primary arteriole dimensions and FITC labelled RBC velocity were made for offline analysis of microvessel blood flow (Sarelius & Duling 1982 , Parthasarathi et al. 1999 . A 95 µl blood sample was also obtained from the arterial catheter for measurement of PO 2 , PCO 2 , pH, lactate, and base deficit (model 700ABL, Radiometer, Copenhagen). The PO 2 of the inspired air was then diluted with nitrogen in a stepwise manner to the following concentrations: 15%, 10%, 8% and 5% O 2 . At each step, the animals were allowed a 10 min period to equilibrate before repeating the systemic and microvascular measurements.
Statistics
All data are expressed as mean ϮSD, and comparisons between two independent means were made using a one-way ANOVA followed by Tukey's multiple comparison testing. Significance was taken at the P Ͻ0.05 level.
Results
Systemic parameters
Baseline phasic blood pressures were the same (P ϭ0.35) for the instrumented and non-instrumented animals (Table 1) . Both populations experienced a decline in blood pressure when FiO 2 was lowered to below 0.15 (Fig 4) , and there was no significant difference between the populations at each dilution.
Arterial blood gas analysis revealed similar (P ϭ0.52) baseline PO 2 's in the instrumented and non-instrumented populations (Table 1 ). In addition, the mean lactate levels for both populations noticeably increased at FiO 2 Ͼ0.1, but were not significantly different at any inspired oxygen concentration (Fig 5) . Likewise, there was Table 1 Resting values (mean ϮSD) for arterial blood pressure (mmHg), arterial PO 2 (mmHg), lactate (mmol/l), base deficit (mmol/l), primary arteriolar flow (nl/min), and aortic flow (ml/min) in instrumented (n ϭ5) rats and noninstrumented (n ϭ3) controls (Fig 5) . Aortic blood flow did not significantly change from baseline values in the instrumented population when the FiO 2 was decreased to 0.15 (Fig 6) . However, further reductions in FiO 2 resulted in progressively lower values for aortic flow.
Microvascular parameters
Baseline blood flow in the primary arterioles of instrumented and non-instrumented populations (Table 1) was not different (P ϭ 0.51). For both populations, there was a significant increase in arteriolar blood flow from resting values when the FiO 2 was lowered to 0.15 (Fig 7) . However, there was an equivalent decline in arteriolar blood flow in both populations when FiO 2 was lowered to below 0.15, and flow was absent in the arterioles of both populations at FiO 2 0.05. 
Discussion
This study examined the use of chronically implanted transit-time flow probes on the ascending aorta of rats as a means of measuring systemic blood flow during manipulation of oxygen delivery. The implantation procedure is described as a resource for future studies, and we have clarified the effects of these probes on the systemic response to haemodynamic stress.
Complications of the implantation procedure included intractable pain, infection, persistent pneumothorax, atelectasis, and aortic aneurysm. Severe manifestation of these complications was often evident by the inability to maintain body weight after the implantation procedure. In such cases, the animals were excluded from the study and killed. However, these complications rarely occurred after the first few implantations, and we found that 95% of the instrumented animals recovered their body weight within 7 days of implantation. Careful inspection of the thoracic anatomy during postmortem recovery of the probes was an effective means to identify less severe complications that were not made evident by the animal's behaviour. Because the presence of an implanted foreign body (i.e. probe and externalized cord) posed an infection risk that was proportional to the duration of implantation (Corona et al. 1990) , follow-up experiments were conducted as soon as the animal regained its preoperative body weight. While complete weight gain was generally achieved in 5-7 days, animals requiring longer recovery time had their cutaneous sutures removed after the seventh postoperative day to help prevent cutaneous infections (Hollander & Singer 1999) . Proper sterile technique and a single dose of Enrofloxacin virtually eliminated the occurrence of systemic infection.
We found that successful intubation was vital to the success of the probe implantation procedure. Animals requiring repeated attempts at intubation experienced greater inflammation of the airway and a higher incidence of complications such as anorexia and atelectasis due to poor respiratory effort. We found that our new intubation technique resulted in faster intubation times and fewer unsuccessful attempts when compare to methods that have the animal in a supine position. The use of a stylet to guide the catheter through the glottis also helped to minimize pharyngeal trauma. Moreover, the teardrop terminus on our intubation catheters provided a reliable airway seal that minimized leakage of the gas anaesthesia into the environment.
Aside from the known complications of the procedure, we wanted to examine the physiological effects of the implantation procedure and the presence of the implanted probes on systemic and microvascular haemodynamics. Due to the close proximity of the implanted probe to the heart, ascending aorta, and lungs, we were concerned that the devices might affect lung expansion, venous return, and aortic flow. However, baseline arterial blood gas analysis (Table 1; unpublished PCO 2 , HCO 3 , and pH values) did not suggest an acute or chronic abnormality in oxygenation, ventilation, or pH in the implanted population. Systemic lactate and base deficit values indicate that the instrumented and non-instrumented populations had similar responses to hypoxia. In addition, our values for resting aortic flow in the instrumented population were similar to those obtained by Sweet et al. (1987) using thermodilution (231 Ϯ45 ml/min/kg) and radio labelled microspheres (220 Ϯ43 ml/min/kg). Of course, these conclusions must be qualified by the small sample size and hence limited statistical power involved.
Because microvascular blood flow in skeletal muscle is sensitive to sympathetic tone during severe hypoxia (Rowell & Blackmon 1987) , we measured arteriolar blood flow in the spinotrapezius muscle to determine the local response to sympathetic stimuli. In both populations there was significant arteriolar hyperaemia (Fig 7) when FiO 2 was reduced to 0.15 that was attributed to the local production of vasodilator metabolites (Haddy & Scott 1971 , Borgstrom et al. 1984 . We expected that this initial vasodilatation would be overwhelmed by the vasoconstriction associated with increased sympathetic drive during severe hypoxia (Rowell & Blackmon 1987) . Likewise, the reduced arteriolar blood flow seen in both populations with greater degrees of hypoxia (Fig 7) was indicative of equivalent vasoconstriction in the instrumented and non-instrumented animals. Thus, this study provides no systemic or microvascular evidence that the implantation of aortic flow probes results in increased susceptibility to hypoxia when obvious complications are excluded. Therefore, we conclude that this novel technology is an accurate method for measuring aortic flow in resting and haemodynamically-stressed rats. Because surgical experience is often the limiting factor in the success of chronic instrumentation, it is best that first-time operators practise these techniques on animal cadavers, or in an IACUC-approved non-survival study. Such practice will increase the success rate of the implantation procedure, as well as minimize unnecessary animal suffering.
